The rare decay B → X s γγ is studied in the Standard Model (SM) and in two different versions (Model I and Model II) of the Two Higgs Doublet Model (2HDM). In the SM the branching ratio into hard photons is about 1 × 10 −7 and can be appreciably different in the 2HDM. We also introduce a forward-backward asymmetry which gives an additional handle to discriminate different models.
Introduction
Intense experimental effort is being directed to B-physics. Several new facilities are on the horizon. There are, of course, the e + e − based symmetric and asymmetric B-factories at Cornell, KEK and SLAC, in addition to LEP II. Progress is also being made in the hadronic environment at HERA-B and there are some plans for TEV-B and far into the future, LHC-B. Indeed it is useful to recall that in the case of the kaon some of the branching ratios currently being measured have reached the 10 −10 level. It should then be clear that in B-physics too, the experimental activity is likely to continue to flourish well beyond the presently attainable branching ratios of about 10 −5 .
Amongst the rare decays the flavor changing decays of the B meson are of special interest, in particular those driven by the electroweak (EW) penguins, due to their relative cleanliness and to their sensitivity to new physics [1] . In this category, the two decays that have dominated the discussion for over a decade are b → sγ and b → sl + l − . It is useful to recall that the inclusive branching ratio for b → sγ has been measured at CLEO to be [2] Br(B → X s γ) exp = (2.32 ± 0.51 ± 0.29 ± 0.32) × 10
and a Next-to-Leading Order calculation of the same now exists [3] [4] [5] [6] . The result [4] : Br(B → X s γ) th = (3.28 ± 0.33) × 10 −4 indicates agreement of the SM prediction with the CLEO measurement within 2σ. As far as b → sl + l − is concerned, the non-resonant part of B → X s µ + µ − has been predicted to give [7] : Br(B → X s µ + µ − ) N R = (5.7 ± 0.9) × 10 −6 , while the existing upper bound on this decay mode from D∅ is now being updated to [8] Br
less than one order of magnitude away from the theoretical prediction.
Our focus in this paper will be on a related mode: b → sγγ which is of the same order in the EW couplings as b → sl + l − and is also of considerable interest. We will extend earlier works on this process and study it in the SM and in one of its most popular extensions, namely the 2HDM. The calculation of b → sγγ in the SM at the lowest order in the EW interactions and without QCD corrections gives a branching ratio of about 10 −7 , therefore in the ballpark of the rare B decays that should become accessible at the future B-meson facilities. Furthermore, we will introduce a forward-backward asymmetry which should be less sensitive to QCD corrections than the branching ratio and should also constitute a useful probe of the theory.
The b → sγγ decay in the Standard Model
The decay B → X s γγ 1 can be studied to a very good approximation in terms of the quark level decay b → sγγ [9] . The total amplitude for the quark level process can be written as [10] [11] [12] 
where α e is the electromagnetic fine structure constant, G F the Fermi coupling constant, p b and p s denote the momenta of the incoming and outgoing quarks and ǫ µ (k 1 ) and ǫ ν (k 2 ) are the polarization vectors of the two photons. The tensor T µν is derived from the calculation of the Feynman diagrams of Fig. 1 , when we sum over the three possible flavors of quarks that run in the penguin loop Here
is is the CKM factor multiplying the loop diagrams with an internal i-quark and we have used the unitarity of the CKM matrix to obtain the last result. Even though λ u ≪ λ t , for our purpose, as we will explain later, the first term cannot be neglected.
As we see from Fig. 1 , both one-particle reducible (1PR) and one-particle irreducible (1PI) diagrams contribute to the process. We will follow the notation of Ref. [12] and write the total amplitude for the i flavor as
The 1PI contribution T µν i,1PI is then written as
where
The tensor I µν is given by
where we use the notation γ L,R = (1 ∓ γ 5 )/2. On the other hand, the 1PR contribution has the form
W is the form factor of the magnetic dipole operator of the bsγ vertex [14] , given by (10) while the W µν tensor is defined by the expression
The rate Γ(b → sγγ) can therefore be decomposed as the sum of a pure 1PR, a pure 1PI
and an interference 1PR-1PI term, i.e.
In order to obtain the total rate into hard photons we have to place suitable kinematical cuts and perform one dimensional integration numerically. We have also checked our results integrating over the phase space with a Montecarlo event generator.
Indeed the total rate and the relevance of each different contribution (1PR,1PI) depends appreciably on the kinematical cuts imposed. In order to isolate two hard photons, we demand that their energy is not too small and that they are not too collinear to each other and to the outgoing s quark. We thus require the energy of each photon to be larger than 100 MeV and
We take c = 0.01 and c = 0.02 to study the dependence on the cuts. Note that the resulting two photon invariant mass squared is at least one order of magnitude bigger than m 2 π . Furthermore all the angles are taken to be 20
• .
Our results are summarized in Table 1 . These results are for pure EW penguins and do not include QCD corrections [15] . For m t ≃ 175 GeV, as in the b → sγ case, QCD corrections are not likely to change the predictions of Table 1 In Table 1 we also give results separately due to 1PR, 1PI and due to their interference. As we can see, the role played by the 1PR and 1PI contributions varies a little with the different cuts imposed. With mild cuts, the 1PR contribution is dominant, due to the divergent behavior of the amplitude for s 2 → 0. This divergent behavior is caused by the presence of both infrared (E γ → 0) and collinear (cos θ γγ → 0) divergencies, which, for sure, would cancel in a complete analytical calculation when virtual photon corrections at the same order in α e are also included.
Experimentally, if one of the two photons in b → sγγ decay is emitted with very low energy and/or at a very small angle with respect to the other photon, it becomes difficult to distinguish the event from a b → sγ decay. Therefore we exclude this region of the phase space by imposing the cuts mentioned earlier. This tends to suppress the 1PR contribution compared to the 1PI one. Moreover, the analytical expressions of the 1PR and 1PI terms in Eqs. (5)- (11) are such that the light quarks mainly contribute to the 1PI part and the heavy quarks to the 1PR one. This is due to the analytical behavior of the coefficient functions δ 3 (z i ) and F 2 (x i ) (see Ref. [12] for a plot of these functions). The physical reason for this is that, when the top quark runs in the loop of the penguin diagram for b → sγγ (both in the 1PR and in the 1PI diagrams), the amplitude for the decay is very well approximated by the amplitude for the emission of a brehmstrahlung photon off the s quark leg. Indeed by this reasoning, the authors of Ref. [5] were able to get the right expression for the top contribution using Low's theorem [16] . Thus the higher the kinematical cuts imposed to reduce the s quark brehmstrahlung events, the higher the relevance of the light quark contribution (i.e. 1PI) to the total amplitude. For this reason we retained in Eq. (4) both the λ t and the λ u terms, in order to have the light quark dependence fully under control. In Fig. 2 and 3 we present the results for two different distributions: dΓ/dŝ 2 (ŝ 2 = s 2 /m 2 b ) and dΓ/d(cos θ γγ ), where θ γγ is the angle between the two photons, for the two sets of cuts 3 . As we can see the kinematics of the process is such that the s quark tends to be emitted with rather high energy, compensated by the harder of the two photons, while the less energetic photon tends to go in the direction of the s quark. This topology is typical of a brehmstrahlung event of the s quark and in fact it gets enhanced when we choose milder cuts on the energies and on the angles.
Although the b → sγγ process is higher order in α e and rarer than b → sγ, it does allow one to introduce an additional feature that may be a useful probe of the dynamics of the decay, namely a forward-backward asymmetry, defined as
where θ sγ is the angle between the s quark and the softer photon. Indeed, due to the identical nature of the two photons, this is the only non-trivial angle we can think of to study a forwardbackward asymmetry. We recall that a forward-backward asymmetry has also been found to be useful in the study of the b → sl + l − decay [17] . Our results are summarized in Table 1, for two different values of the cuts. In passing, we must remark that we expect A FB to be less affected by QCD corrections than the branching ratio.
The b → sγγ decay in the Two Higgs Doublet Model
We want now to consider the b → sγγ decay in the context of a 2HDM with no flavor changing neutral currents allowed at the tree level, i.e. Model I and Model II, in which the up and down type quarks couple respectively to the same or to two different Higgs doublets. 
6 ξξ ′ (1 − y t ) 3 − 8y t + 5y 2 t + 2(2 − 3y t ) log y t , where y t = (m t /M h ) 2 and M h denotes the mass of the charged scalar. Moreover we have used the notation 5 : ξ = v 1 /v 2 = 1/ tan β and respectively We can see that Model II gives always both a bigger branching ratio and a bigger asymmetry than the SM. However while the asymmetry is very close to the SM value, the branching ratio can be much larger than the SM one over a wide range of values of the scalar mass, especially For example, in the case of tan β = 0.5, for light M h the branching ratio gives a much larger deviation from the SM than the asymmetry, while for heavier M h , even up to M h ≃ 1 TeV, the asymmetry can be more interesting, especially because the branching ratio is smaller than the SM one in this region. For tan β = 1, on the other hand, both the branching ratio and the asymmetry are quite different from the SM for M h 500 GeV.
This description has one obvious shortcoming, namely that QCD corrections are not included. However we do not think that the inclusion of QCD corrections in either the SM or in the 2HDM calculation should greatly change the important features that we have decribed above. 6 A similar behavior was found in Ref. [19] for the b → sγ decay.
Experimental Considerations
Our primary focus of course has been on the inclusive b → sγγ process. As always it is very difficult to make reliable predictions about exclusive channels. Nevertheless, some general remarks can be made. Unlike b → sγ, for b → sγγ the pseudoscalar (K for B, η and η ′ for B s ) as well as the vector (K * for B and φ for B s ) final states are both allowed. These single meson states are likely to be a large fraction, perhaps several tens of percents of the total B → X s γγ sample. Since the inclusive branching fraction of charmless B events is roughly estimated to be about 1%, they are likely to provide the most important background. However it is useful to note that a very important characteristic of b → sγγ is that the photons carry off an appreciable fraction of the total energy, leaving the mean energy of the s quark to be around 1.7 GeV. Thus we expect these 2γ events to be relatively clean with an average multiplicity substantially less than in charmless B events. This property should come in handy for separating the 2γ background coming from the decay of π 0 , η and η ′ from amongst the multibody charmless B events. Another remarkable feature of the prompt b → sγγ signal is that the photons have a large opening angle ( cos θ γγ ≃ −0.7), as is seen in Fig. 3 . This is in sharp contrast to the 2γ's from decays of the π 0 , η or η ′ , which, as a rule, should have a much smaller opening angle.
